The CBF (C-repeat binding factor) pathway has a major role in plant cold acclimation, the process whereby certain plants increase in freezing tolerance in response to low nonfreezing temperatures. In Arabidopsis thaliana, the pathway is characterized by rapid cold induction of CBF1, CBF2, and CBF3, which encode transcriptional activators, followed by induction of CBF-targeted genes that impart freezing tolerance. At warm temperatures, CBF transcript levels are low, but oscillate due to circadian regulation with peak expression occurring at 8 h after dawn (zeitgeber time 8; ZT8). Here, we establish that the CBF pathway is also regulated by photoperiod at warm temperatures. At ZT8, CBF transcript levels in short-day (SD; 8-h photoperiod) plants were three-to fivefold higher than in long-day plants (LD; 16-h photoperiod). Moreover, the freezing tolerance of SD plants was greater than that of LD plants. Genetic analysis indicated that phytochrome B (PHYB) and two phytochrome-interacting factors, PIF4 and PIF7, act to down-regulate the CBF pathway and freezing tolerance under LD conditions. Down-regulation of the CBF pathway in LD plants correlated with higher PIF4 and PIF7 transcript levels and greater stability of the PIF4 and PIF7 proteins under LD conditions. Our results indicate that during the warm LD growing season, the CBF pathway is actively repressed by PHYB, PIF4, and PIF7, thus mitigating allocation of energy and nutrient resources toward unneeded frost protection. This repression is relieved by shortening day length resulting in up-regulation of the CBF pathway and increased freezing tolerance in preparation for coming cold temperatures. P lants vary greatly in their ability to survive freezing temperatures. Whereas plants from tropical and subtropical regions are generally killed by the slightest freeze, plants from temperate regions exhibit varying degrees of freezing tolerance (1, 2). For instance, Arabidopsis thaliana (hereafter referred to as Arabidopsis) and wheat have a maximum freezing tolerance of about −10°C and −20°C, respectively, and hardy deciduous trees can survive freezing below −40°C. However, the freezing tolerance of frost hardy plants is not a constant property; it changes over the course of the year in response to changing environmental conditions. The primary factor is low temperature (1, 2). When winter rye is grown at warm temperature, plants are killed upon freezing at about −5°C, but upon exposure to low nonfreezing temperatures, they can survive freezing below −20°C. The molecular basis for this phenomenon, known as cold acclimation, is not completely understood, but includes changes in membrane cryobehavior, the production of cryoprotective proteins, and the biosynthesis of low molecular weight cryoprotectants such as sucrose, raffinose, and proline (2, 3).
The CBF (C-repeat binding factor) pathway has a major role in plant cold acclimation, the process whereby certain plants increase in freezing tolerance in response to low nonfreezing temperatures. In Arabidopsis thaliana, the pathway is characterized by rapid cold induction of CBF1, CBF2, and CBF3, which encode transcriptional activators, followed by induction of CBF-targeted genes that impart freezing tolerance. At warm temperatures, CBF transcript levels are low, but oscillate due to circadian regulation with peak expression occurring at 8 h after dawn (zeitgeber time 8; ZT8). Here, we establish that the CBF pathway is also regulated by photoperiod at warm temperatures. At ZT8, CBF transcript levels in short-day (SD; 8-h photoperiod) plants were three-to fivefold higher than in long-day plants (LD; 16-h photoperiod). Moreover, the freezing tolerance of SD plants was greater than that of LD plants. Genetic analysis indicated that phytochrome B (PHYB) and two phytochrome-interacting factors, PIF4 and PIF7, act to down-regulate the CBF pathway and freezing tolerance under LD conditions. Down-regulation of the CBF pathway in LD plants correlated with higher PIF4 and PIF7 transcript levels and greater stability of the PIF4 and PIF7 proteins under LD conditions. Our results indicate that during the warm LD growing season, the CBF pathway is actively repressed by PHYB, PIF4, and PIF7, thus mitigating allocation of energy and nutrient resources toward unneeded frost protection. This repression is relieved by shortening day length resulting in up-regulation of the CBF pathway and increased freezing tolerance in preparation for coming cold temperatures. P lants vary greatly in their ability to survive freezing temperatures. Whereas plants from tropical and subtropical regions are generally killed by the slightest freeze, plants from temperate regions exhibit varying degrees of freezing tolerance (1, 2) . For instance, Arabidopsis thaliana (hereafter referred to as Arabidopsis) and wheat have a maximum freezing tolerance of about −10°C and −20°C, respectively, and hardy deciduous trees can survive freezing below −40°C. However, the freezing tolerance of frost hardy plants is not a constant property; it changes over the course of the year in response to changing environmental conditions. The primary factor is low temperature (1, 2) . When winter rye is grown at warm temperature, plants are killed upon freezing at about −5°C, but upon exposure to low nonfreezing temperatures, they can survive freezing below −20°C. The molecular basis for this phenomenon, known as cold acclimation, is not completely understood, but includes changes in membrane cryobehavior, the production of cryoprotective proteins, and the biosynthesis of low molecular weight cryoprotectants such as sucrose, raffinose, and proline (2, 3) .
Many of the biochemical and metabolic changes that occur in response to low temperature and contribute to an increase in freezing tolerance involve changes in gene expression. The best understood cold regulatory pathway with a role in freezing tolerance is the CBF (C-repeat binding factor) pathway of Arabidopsis (4, 5) . CBF1, CBF2, and CBF3 (also known as DREB1B, DREB1C, and DREB1A, respectively) encode closely related members of the AP2/ERF family of DNA-binding proteins that recognize the CRT/DRE DNA regulatory element, RCCGAC.
Within minutes of transferring Arabidopsis plants to low temperature, CBF1, -2, and -3 are induced followed at about 3 h by induction of CBF-targeted cold-regulated (COR) genes, referred to as the CBF regulon. Constitutive overexpression of CBF1, -2, or -3 at warm temperature leads to constitutive expression of the CBF regulon and a marked increase in freezing tolerance (4, 5) . Although the CBF pathway is not as well studied in other plant species, it has been established that cold-inducible CBF genes are highly conserved among higher plants and that CBF overexpression increases freezing tolerance in highly divergent plant species that are able to cold acclimate (6) .
Photoperiod is another environmental factor that regulates freezing tolerance, a phenomenon that is well documented in woody deciduous trees (7, 8) . As summer turns to fall, these plants sense the shortening day length and initiate developmental programs that result in the cessation of growth and an increase in freezing tolerance that can be more than 10°C in some hardy species. As the season continues to progress and the temperatures become cold, the plants sense the low temperature and increase an additional 20°C or more in freezing tolerance (7, 8) . The molecular basis for photoperiodic regulation of freezing tolerance is not well understood, but appears to involve the action of phytochromes (9, 10) . Phytochromes are light-absorbing photoreceptors that exist in two fundamental forms: the red (R)-lightabsorbing form, designated Pr, and the far-red (FR)-lightadsorbing form, designated Pfr. The Pr form, which is inactive, is converted to the active Pfr form by exposure to R-light, and is converted back to the inactive Pr form by exposure to FR-light or through dark reversion (11) . The increase in freezing tolerance that occurs in response to short-day in red-osier dogwood and other perennial woody tree species is prevented if the plants are exposed to R light during the nighttime, but not if the R-light exposure is followed by brief exposure to FR light (9, 10) . These results are classic indicators of a phytochrome-mediated response (12) and suggest that an active Pfr phytochrome represses freezing tolerance.
Whereas photoperiodic regulation of freezing tolerance is recognized as a fundamental feature of cold acclimation in woody plants, there is little evidence for the phenomenon in herbaceous plants. Pietsch et al. (13) found that the freezing tolerance of Gaura coccinea, a perennial herbaceous species, increases about 3°C when plants are exposed to short-day photoperiods, but beyond this, photoperiodic regulation of freezing tolerance at warm growth temperature is poorly documented in perennial and annual herbaceous species. However, similar to what has been reported in woody plants, Franklin and Whitelam (14) showed that phytochromes have a role in regulating freezing tolerance in Arabidopsis. When plants were grown at 16°C under a 12-h photoperiod, the freezing tolerance and transcript levels for three CBF target genes-COR15a, COR15b, and KIN1-were greater in plants exposed to a low R/FR-light ratio than if they were exposed to a high R/FR-light ratio. Also, transferring plants to constant light and exposing them to a low R/FR-light ratio for 2 h in the morning resulted in increased transcript levels for CBF1, -2, and -3. These results suggested that a Pfr form of one or more phytochromes repressed the expression of the CBF pathway. Indeed, at 16°C, under high R/FR light, both phyB and phyD mutations resulted in increased transcript levels for COR15a, a CBF target gene, and the phyD mutation resulted in greater freezing tolerance.
Arabidopsis has proven to be a powerful model plant to study the regulation of freezing tolerance by low temperature. Here we show that it is also a powerful model to study photoperiodic regulation of freezing tolerance. Our results indicate that Arabidopsis plants increase in freezing tolerance in response to a short-day photoperiod, that this regulation involves photoperiodic regulation of the CBF pathway, and that this regulation is mediated by the PHYB photoreceptor and two PIF transcription factors with which PHYB physically interacts, PIF4 and PIF7 (15) .
Results
Freezing Tolerance Is Regulated by Photoperiod. To determine whether the freezing tolerance of Arabidopsis (Col-0) is regulated by photoperiod, we grew plants under short days (SD; 8 h light, 16 h dark) and long days (LD; 16 h light, 8 h dark) and compared their freezing tolerance using the electrolyte leakage assay. The results indicated that the freezing tolerance of the SD plants was greater than that of the LD plants; whereas the EL 50 (the temperature at which freezing damage results in leakage of 50% of the total cellular electrolytes) of the LD plants was about −3°C, the SD plants had an EL 50 of about −5.5°C (Fig. 1A) .
In these experiments, the SD and LD plants were tested at the point that they each had about eight true leaves. However, to produce this number of leaves, the SD and LD plants were grown for 5 wk and 3 wk, respectively. To address the possibility that differences in age were the cause of the observed differences in freezing tolerance, we grew plants under SD or LD conditions and then switched their photoperiod and tested their freezing tolerance (all plants again had about eight true leaves). When plants were grown under SD for 3 wk and transferred to LD for 2 wk, they had the same freezing tolerance as plants grown for 3 wk under LD (Fig. 1B) . When plants were grown under LD for 2 wk and transferred to SD for 2 wk, they had the same freezing tolerance as plants grown under SD for 5 wk (Fig. 1B) . Thus, regardless of the direction of the day-length shift or total age of the plants, the freezing tolerance of the plants was determined by the final 2-wk treatment; SD to LD produced the same freezing tolerance as constant LD treatment, and LD to SD produced the same freezing tolerance as constant SD treatment. From these results, we concluded that the freezing tolerance of Arabidopsis is regulated by photoperiod.
CBF Pathway Is Regulated by Photoperiod. Given the prominent role of the CBF pathway in cold acclimation, we asked whether the CBF genes were expressed at different levels in SD and LD plants. Previous studies (16, 17) established that CBF1, -2, and -3 are regulated by the circadian clock and that the transcript levels for each gene peaks at about 8 h after dawn, a time referred to as zeitgeber time 8 (ZT8). Our results were consistent with these findings; the transcript levels for each CBF gene peaked at about ZT8 under both SD and LD conditions (results for CBF2 are shown in Fig. 2A , and those for CBF1 and CBF3 are shown in Fig. S1 ). However, the CBF transcript levels at ZT8 were about three-to fivefold higher in the SD plants compared with the LD plants. The transcript levels for two CBF regulon genes, COR15a and GOLS3, also oscillated, having peak expression between ZT8 and ZT12, and at their peak the transcript levels for these two genes were about fivefold higher in the SD plants (Fig. S1) .
To address the possibility that differences in plant age accounted for the differences in CBF and CBF regulon transcript levels in the SD and LD plants, we transferred LD plants to SD conditions and transferred SD plants to LD conditions, and determined their transcript levels. First, we determined the transcript levels of CBF2 at ZT8 at 0, 1, 3, 5, and 7 d after the switch in photoperiod. The results indicated that over the course of the week, the lower level of CBF2 transcripts initially observed in the LD plants rose to the level observed in the SD plants, and that the higher level of CBF2 transcripts initially observed in the SD plants decreased to the level observed in the LD plants (Fig. 2B) . We then determined the transcript levels of CBF1, -2, and -3 and two CBF regulon genes, COR15a and GOLS3, at ZT8 in SD and LD plants, in SD plants transferred to LD for 7 d, and in LD plants transferred to SD for 7 d. The results indicated that with each gene, the lower transcript levels initially observed in the LD plants rose to those observed in the SD plants after transfer to SD, and that the higher transcript levels initially observed in the SD plants fell to those observed in the LD plants after transfer to LD (Fig. 2C ). These results indicated that the CBF pathway is regulated by photoperiod and that the greater freezing tolerance of the SD plants was due, at least in part, to greater expression of the CBF pathway under SD conditions. Photoperiodic Regulation of CBF2 Involves a G-box Motif Within the CBF2 Promoter. The photoperiodic control of CBF transcript levels could involve either transcriptional or posttranscriptional regulatory mechanisms or both. To determine whether transcriptional mechanisms were involved, we asked whether the CBF2 promoter included DNA regulatory elements that were responsive to photoperiod. Previous studies showed that the region of the CBF2 promoter from −189 to −35 relative to the transcription start site (this region is numbered −207 to −53 in the current TAIR10 database; hereafter, we use TAIR10 designations for sequence locations) included elements that could impart both cold (18) and circadian (19) regulation when fused the GUS reporter gene. We therefore tested this region for photoperiodic regulation. We fused the CBF2 promoter region from −207 to +134 to the GUS reporter gene (WT-pro) (Fig. S2A) , transformed the construct into Arabidopsis, and determined the level of GUS transcripts in SD-and LD-grown plants (Fig. 3) . The results indicated that the WT-pro construct produced peak levels of GUS transcripts at ZT8 in both SD and LD grown plants, but that the peak was about threefold greater in the SD plants. These results were consistent with the −207 to +134 CBF2 promoter fragment including a regulatory motif that was responsive to photoperiod.
Previous studies showed that the CBF2 promoter region between −207 and −53 bp included a G-box motif, CACGTG (−112 to −107), that imparted negative regulation in plants that were grown at warm temperature and in plants that were exposed to low temperature (18, 20) . Therefore, we asked whether this motif was also involved in photoperiodic regulation. We mutated the G-box sequence within the WT-pro construct (Gmut-pro) (Fig. S2A ), transformed the construct into Arabidopsis, and determined the GUS transcript levels under SD and LD conditions. As with the WT-pro construct, the GUS levels for the Gmut-pro construct peaked at ZT8 in both SD-and LDgrown plants (Fig. 3) . However, whereas the GUS transcript levels produced by the WT-pro construct were greater in SD plants, the levels produced by the Gmut-pro construct were approximately the same in the SD-and LD-grown plants (Fig. 3) . These results were consistent with the G-box having a role in photoperiodic regulation of CBF2.
To confirm this result, we determined the GUS transcript levels at ZT8 for the WT-pro and Gmut-pro constructs in eight independent transgenic lines grown under SD and LD conditions (Fig. S2B) . The results indicated that the GUS transcript levels obtained with the WT-pro construct were, on average, twofold higher in the SD plants compared with LD plants, and that this difference was eliminated when the G-box was mutated (Fig. S2C ). In addition, the results indicated that mutation of the G-box resulted in higher-level expression of the reporter gene in both SD-and LD-grown plants (Fig. S2D) ; this finding was consistent with the element having a repressive effect.
PIF4 and PIF7 Repress Expression of the CBF Pathway Under LD
Conditions. Kidokoro et al. (20) found that the PIF7 transcription factor binds in vitro to the G-box within the CBF2 promoter (the G-box present in the WT-pro GUS fusion described above) and represses expression of the CBF genes during the subjective night phase in circadian regulation experiments. Thus, we considered PIF7 to be a candidate for mediating photoperiodic control of CBF2 expression. In addition, we considered PIF4 a candidate as it has been reported to physically interact with PIF7 (20) and, like other PIFs, it binds to G-box and related E-box (CANNTG) motifs (15) .
To test whether PIF4 or PIF7 were involved in photoperiodic regulation of CBF2, we asked whether pif4 or pif7 null mutations affected the patterns of CBF2 expression under LD or SD conditions. Our results indicated that neither of the single mutations had an effect (Fig. S3) . However, the pif4 pif7 double mutation eliminated the photoperiodic regulation of CBF2; at ZT8, CBF2 transcript levels in pif4 pif7 double mutant plants grown under LD conditions were the same as in WT plants grown under SD conditions (Fig. 4A) . The pif4 pif7 double mutation also eliminated the differences in transcript levels at ZT8 observed for CBF1, CBF3, COR15a, and GOLS3 in WT plants grown under SD and LD conditions (Fig. 4B) . These results indicated that PIF4 and PIF7 function redundantly to repress expression of the CBF pathway under LD conditions.
The lower level of CBF expression under LD conditions could have resulted from higher-level expression of PIF4 and PIF7 in plants grown under LD. Indeed, we found that the transcript levels for PIF4 and PIF7 oscillated over the course of the day under both LD and SD conditions, peaking at ZT8 and ZT4, respectively, and that the levels for both genes at these time points were nearly twofold higher under LD conditions (Fig. 5A ). In addition, the stability of the PIF4 and PIF7 proteins was greater under LD conditions; this was determined by examining the levels of TAP-tagged PIF4 and CFP-tagged PIF7 in transgenic plants carrying these protein fusions placed under control of the constitutive CaMV 35S promoter. Whereas the transcript levels for the two transgenes were not affected by photoperiod (Fig. S4 B and D) , the protein levels of both PIF4-TAP and PIF7-CFP at ZT8 were about twofold higher in LD plants compared with SD plants (Fig. 5B) . Additional experiments indicated that PIF4-TAP and PIF7-CFP proteins were functional 3 . A G-box motif within the CBF2 promoter confers photoperiod-regulated gene expression. Transgenic plants carrying WT (WT-pro) and mutant (Gmut-pro) versions of the CBF2 promoter fused to the GUS reporter gene were grown under SD or LD conditions and GUS transcript levels were determined at the indicated times. The WT-pro construct comprised CBF2 promoter sequences −207 to +134 and the Gmut-pro construct had CBF2 sequences −207 to +134 with the G-box motif at −112 to −107 mutated from CACGTG to GGTACC (Fig. S2A) . The results are mean values from three independent experiments (error bars indicate SEM).
repressors; in the higher expressing lines, both PIF4-TAP and PIF7-CFP reduced CBF2 transcript levels by about 50% at ZT8 under SD conditions (Fig. S4 A and C) ; similar results were obtained testing CBF2 expression over a 24-h growth period (Fig. S5) . Under LD conditions, PIF4-TAP also reduced CBF2 transcript levels by about 50%, whereas PIF7-CFP had little or no effect, suggesting that the endogenous PIF7 levels were saturating in regard to CBF2 repression under LD conditions (Fig. S5) .
Using the electromobility shift assay we established that both PIF4 and PIF7 could bind to G-box motifs in the CBF1 and CBF2 promoters and the E-box motif in the CBF3 promoter (Fig. S6) . Moreover, the results of chromatin immunoprecipitation (ChIP) experiments were consistent with PIF7 binding to the G-box within the CBF2 promoter that we determined to impart photoperiodic regulation; in test experiments using antibody that recognizes CFP (Fig. 6 ), but not in mock experiments using nonimmune serum (Fig. S7 ), significant enrichment of PIF7-CFP was detected at region M, which includes the functionally defined G-box (Fig. 3) . In addition, in test (Fig. 6 ), but not mock (Fig. S7) experiments, PIF7-CFP was found to be enriched throughout the promoter regions of CBF1 and CBF3, which include a large number of G-and E-boxes, a result that is consistent with PIF7 also having a role in regulating expression of these genes.
PHYB Is Required for Photoperiodic Regulation of the CBF Pathway and Freezing Tolerance. PHYB is known to physically interact with both PIF4 and PIF7 (15, 21) . Thus, we asked whether PHYB was required for photoperiodic regulation of the CBF pathway. Our results indicated that it was. Under LD conditions, the transcript levels for CBF2 were about threefold higher at ZT8 in plants carrying a phyB null mutation than they were in WT plants, and matched the CBF2 transcript levels observed in WT plants grown under SD (Fig. 7A) . The phyB mutation similarly affected CBF1, CBF3, and the CBF regulon genes COR15a and GOLS3 (Fig.  7B) . Consistent with these results, the phyB mutation eliminated the photoperiodic regulation of freezing tolerance; the freezing tolerance of phyB plants grown under LD conditions was equal to that of WT plants grown under SD conditions (Fig. 7C) .
Discussion
Here, we establish that Arabidopsis, like woody perennial trees, can sense shortening day length as a harbinger of coming cold temperatures and respond by increasing in freezing tolerance. Although the increase that we observed, about 2°C, is modest in comparison with the increase that typically occurs in woody tree species, it is about the same as that reported for the perennial herbaceous species G. coccinea (13) . Moreover, it is a considerable portion of the maximum increase in freezing tolerance that occurs in Arabidopsis in response to low temperature, which is about 6°C (22, 23) . Thus, it is likely that the SD-induced increase in freezing tolerance that occurs in Arabidopsis has adaptive value in nature protecting plants against sudden early autumn frosts. It will be of interest to determine whether there is significant natural variation in photoperiodic regulation of freezing tolerance among Arabidopsis ecotypes, and if there is, to understand the relationship of these differences to the environmental conditions that characterize the geographical locations from where the accessions originate. It will also be of interest to determine whether photoperiodic regulation of freezing tolerance has been overlooked as a common feature of cold acclimation in frost hardy herbaceous plants.
The results presented indicate that the difference in freezing tolerance that we observed between SD-and LD-grown Arabidopsis plants involves photoperiodic regulation of the CBF pathway. In particular, we show that the CBF pathway is repressed under LD conditions in warm-grown plants and that this repression is relieved under SD conditions resulting in an increase in freezing tolerance ( Figs. 1 and 2 ). Down-regulation of the CBF pathway under LD conditions could have adaptive value, as it would diminish the allocation of energy and nutrient resources toward unneeded frost protection during the warm active growing season. In addition, it would mitigate CBF-induced retardation of growth. Achard et al. (24) have shown that activation of the CBF pathway results in up-regulation of gibberellin 2-oxidase genes causing a decrease in the levels of active gibberellins. This decrease, in turn, results in an increase in the levels of DELLA proteins, a small family of regulatory proteins that inhibit growth (25). Achard et al. (24) have presented evidence that the CBF-programmed repression of growth caused by the DELLA proteins contributes to the increase in freezing tolerance that occurs with cold acclimation. Our genetic analysis demonstrates that repression of the CBF pathway under LD conditions involves action of PHYB and two PIFs with which PHYB interacts, PIF4 and PIF7. This conclusion is supported by multiple findings. First, whereas the peak transcript levels for CBF1, -2, and -3 and downstream CBF regulon genes were about three-to fivefold lower in LD WT plants than in SD WT plants, they were about the same in LD phyB plants, LD pif4 pif7 double mutant plants, and SD WT plants (Figs. 4 and 7) ; single pif4 and pif7 mutations did not affect expression of the CBF genes (Fig. S3) , indicating that PIF4 and PIF7 act redundantly to repress expression of the CBF pathway. In addition, constitutive overexpression of PIF4-TAP and PIF7-CFP reduced the transcript levels of CBF2 at ZT8 in SD plants ( Fig. S4 A and C) ; both PIF4 and PIF7 bound in vitro to G-box and E-box motifs that occur within the CBF locus (Fig. S6) ; the G-box at position −112 to −107 of the CBF promoter imparted photoperiod-regulated transcription of a reporter gene (Fig. 3 and Fig. S2) ; and ChIP experiments indicated that the PIF7-CFP protein bound at this G-box and elsewhere throughout the CBF locus in vivo (Fig. 6 ).
Our results also offer a partial explanation for why the CBF pathway is repressed to a greater extent under LD conditions than under SD conditions. Under LD conditions, the peaks in PIF4 and PIF7 transcript levels were nearly twofold greater, and the PIF4 and PIF7 proteins appeared to be about twofold more stable, than they were under SD conditions (Fig. 5) . Combined, these differences in PIF4 and PIF7 transcript levels and protein stability could potentially account for three-to fourfold greater repression of the CBF genes under LD conditions, which is a considerable portion of repression that we observed in the LD plants. The mechanisms that underlie the differences in PIF4 and PIF7 expression and stability observed in response to photoperiod are unknown, but may involve action of PHYB as the phyb mutation eliminates the differences in CBF expression and freezing tolerance observed in WT plants grown under SD and LD conditions (Fig. 7) .
The finding that PIF4 and PIF7 have roles in photoperiodic regulation of the CBF genes and freezing tolerance adds to the rapidly growing list of biological functions that these proteins have in Arabidopsis. For instance, PIF4 has recently been shown to promote hypocotyl elongation in response to high temperature by directly inducing genes involved in auxin synthesis (26, 27) ; to promote early flowering in response to high temperature by directly inducing expression of FLOWERING LOCUS T (28); to regulate stomatal development in response to light quantity (29) ; to control the rhythmic diurnal growth pattern of seedlings (30) ; and to have a role in the shade-avoidance response (31). Li et al. (32) have shown that PIF7 also has a role in regulating the shade-avoidance response and have presented a mechanism for this regulation. They showed that PIF7 is reversibly phosphorylated in response to light quality-the protein is phosphorylated in response to white-light and rapidly dephosphorylated in response to shade light-and that the dephosphorylated form of PIF7 binds to G-boxes in target promoters of auxin biosynthetic genes, induces their expression, and thus promotes rapid cell growth, a key feature of the shade-avoidance syndrome.
Our genetic and transcriptional analysis indicating that PIF4 has a role in repressing the transcription of CBF genes in the daytime is not what would be expected from what is generally known about PIF protein stability. It is well established that exposure of plants to white light converts the inactive Pr form of PHYB to the active Pfr form, which rapidly moves from the cytoplasm into the nucleus, where it interacts with PIF transcription factors to alter gene expression (15, 33) . This interaction, however, generally results in degradation of the PIF proteins including PIF4. Indeed, Nozue et al. (30) showed that the level of PIF4 is much lower (although detectible) during the day than in the late evening, when it is involved in stimulating plant growth. Although it is true that the interaction of PHYB-Pfr with PIF7 does not lead to degradation of PIF7 (21), and thus, interaction Fig. 6 . PIF7 binds at the CBF locus. WT plants and transgenic plants overexpressing PIF7-CFP were grown under LD conditions, tissue was harvested at ZT8, and ChIP assays were performed using anti-GFP antibody (IP) (the results of mock experiments using rabbit IgG are presented in Fig. S7 ). Precipitated DNA sequences were quantified using primer sets across the CBF locus (boxes A through N). DNA sequences from ACTIN7 and UBQ10 were used as negative controls. The fold enrichment of precipitated DNA for each primer set in PIF7-OX samples (PIF7-IP, filled bars) are relative to the level in the WT samples (WT-IP, open bars). The locations and sequences of primer sets are listed in Table S1 . Data are presented as mean ± SEM; n = 4 (*P < 0.05 and **P < 0.01, paired t test). The location of G-box (CACGTG, circle) and E-box (CANNTG, triangle) motifs are indicated. of PHYB-Pfr with heterodimers of PIF4 and PIF7 might result in stable protein complexes, this would not explain our observed repression of the CBF genes in the pif7 mutant (Fig. S3 ). In our model, this repression would involve action of PIF4. A detailed analysis of the PIF protein complexes that are physically present at the CBF locus under SD and LD photoperiods will be required to resolve this issue.
A final point is that a key facet of PIF4 and PIF7 regulation of CBF expression is the concordant expression of these genes. The CBF genes are regulated by the circadian clock in plants exposed to normal warm growth temperature (17, 20, 34) , and their peak expression is driven largely by the Myb transcription factors CCA1 and LHY (16) , central components of the core circadian regulatory loop (35, 36) . The CCA1 and LHY proteins, which have peak levels in the morning, bind to the Evening Element (EE) and related DNA regulatory motifs present within the CBF locus and induce high-level expression of the CBF genes at ZT8 (16) . One simple model would be that PIF4 and PIF7 are also circadian-regulated and timed to peak in the morning hours. Indeed, the oscillation in PIF4 transcript levels is disrupted by constitutive overexpression of CCA1 (30), a classic indicator of circadian regulation. In addition, the promoters of PIF4 and PIF7 genes have EE motifs that could potentially drive their circadian regulation. Future experiments will be directed at testing this hypothesis and how output from the clock is integrated with photoperiodic regulation of the CBF pathway to condition freezing tolerance.
Materials and Methods
Plant Materials and Growth Conditions. A. thaliana Columbia-0 WT and mutant derivatives were used in all experiments. Plants carrying the pif7-1, pif4-2, pif4-2 pif7-1, and phyb-9 null mutant alleles were kindly provided by Peter Quail (University of California, Berkeley) (21) . Seeds were stratified for 3- 
Determination of Transcript Levels. Transcript levels were determined using real-time quantitative RT-PCR (qRT-PCR) as described (18) with minor modifications in the amounts of total RNA and reaction volumes used. In the SD and LD experiments, the 8-h and 16-h time points, respectively, were taken during the light phase; in both experiments, the 24-h sample was taken during the light phase. IPP2 (ISOPENTENYL PYROPHOSPHATE-DIMETHY-LALLYL PYROPHOSPHATE ISOMERASE 2) was used as the reference gene. Primers are listed in Table S1 .
Gene Constructs. The CBF2::GUS promoter (WT-pro and Gumt-pro), 35S::PIF7-CFP, and 35S::PIF4-TAP constructs were made as described in SI Materials and Methods and Table S2 .
Protein Extraction and Immunoblots. Protein was extracted from Arabidopsis seedlings and immunoblots prepared and processed as described in SI Materials and Methods.
ChIP. The ChIP assays were performed as described (16) with minor modifications. The 35S::PIF7-CFP-HA line and wild-type (WT) 14-d-old seedlings were grown under LD and harvested at ZT8. For each biological replicate, IP and mock samples were normalized to the total input for each line, and the fold enrichment was relative to WT. The paired t test was applied to test the statistical significance of fold enrichment for each primer sets. The primers for qRT-PCR are listed in Table S1 .
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SI Materials and Methods
Electromobility Shift Assay (EMSA). To prepare recombinant PIF4 and PIF7 protein for EMSA, the ORF of PIF4 or PIF7 was first cloned into pCR8/GW/TOPO vector (Invitrogen), and then moved to pET-60-DEST vector (Stratagene) through recombination reactions (Invitrogen). The recombinant proteins were induced in E. coli BL21-Gold (DE3) strain by addition of 0.1 mM of IPTG at 30°C for 6 h. The crude protein was extracted with B-PER Protein Extraction Reagent (Pierce), and quantified with BCA Protein Assays (Pierce).
The probes for EMSA were prepared by amplification of CBF1 (−224 to −1), CBF2 (−189 to −1), and CBF3 (−316 to −94) promoter regions by PCR from the genomic DNA, and then endlabeled with gamma 32 P. The WT and G-box mutated competitors were made by annealing of G-box (CACGTG), E-box (CATGTG) or mutated G-box (ggtacc) primers. The primers are listed in Table S2 . The EMSAs were performed as described (1), except 20 ng of crude protein extract, 4 fmol of probes, and 20-fold and 100-fold competitors were used in the binding reactions. The samples were resolved on 5% (wt/vol) polyacrylamide as described (2).
CBF2 Promoter Reporter Lines. The CBF2 promoter fragment from −207 bp to + 134 (just upstream of the ATG) was first cloned into pCR8/GW/TOPO vector (Invitrogen). The G-box at −112 to −107 bp, CACGTG, was converted to GGTACC by site-directed mutagenesis using the Quick Change kit (Stratagene). The WT and mutagenized promoter fragments were fused to the GUS reporter in the pMDC164 vector (3) using a recombination reaction (Invitrogen), and then transformed to WT Arabidopsis using the floral dip method (4) . Transgenic lines in the T3 generation were used for experiments. The primers used for cloning are listed in Table S2 . . PIF4 and PIF7 bind to CBF1, CBF2, and CBF3 promoters through G-box and E-box motifs. The production of GST-PIF4 and GST-PIF7 recombinant proteins and information of how the EMSAs were performed are described in the SI Materials and Methods. The probes used are indicated at the top of the gels. The observed binding was specific as it decreased in response to addition of 20-fold and 100-fold G-box (CACGTG) or E-box (CATGTG) sequence as competitor, but not mutated G-box (ggtacc). The sequences of competitors are listed in Table S2 . Fig. S7 . Mock control experiment for ChIP assays determining binding of PIF7 at the CBF locus. WT plants and transgenic plants overexpressing PIF7-CFP were grown under LD conditions, tissue was harvested at ZT8, and ChIP assays were performed using nonspecific rabbit IgG. Precipitated DNA sequences were quantified using primer sets across CBF locus (boxes A through N). DNA sequences from ACTIN7 and UBQ10 were used as negative controls. The fold enrichment of precipitated DNA for each primer set in PIF7-OX (PIF7-mock, black bars) samples are relative to the level in the WT samples (WT-mock, open bars) . The locations and sequences of primer sets are listed in Table S1 . Data are presented as mean ± SEM; n = 4. No statistically significant enrichment was observed (P < 0.05, paired t test). The location of G-box (CACGTG, circle) and E-box (CANNTG, triangle) motifs are indicated. 
